Abstract: Triclosan (2,4,4 1 -trichloro-2 1 -hydroxy-diphenyl ether, TCS) is widely used in personal care, household, veterinary and industrial products. It was considered as a potential male reproductive toxicant in previous in vitro and in vivo studies. However, evidence from human studies is scarce. Our study aims to investigate the relationship between TCS exposure and semen quality. We measured urinary TCS concentrations in 471 men recruited from a male reproductive health clinic. TCS was detected in 96.7% of urine samples, with a median concentration of 0.97 ng (mg¨creatinine)´1 (interquartile range, 0.41-2.95 ng (mg¨creatinine)´1). A multiple linear regression analysis showed a negative association between natural logarithm (Ln) transformed TCS concentration (Ln-TCS) and Ln transformed number of forward moving sperms (adjusted coefficient β =´0.17; 95% confidence interval (CI) (´0.32,´0.02). Furthermore, among those with the lowest tertile of TCS level, Ln-TCS was negatively associated with the number of forward moving sperms (β =´0.35; 95% CI (´0.68, 0.03)), percentage of sperms with normal morphology (β =´1.64; 95% CI (´3.05,´0.23)), as well as number of normal morphological sperms, sperm concentration and count. Our findings suggest that the adverse effect of TCS on semen quality is modest at the environment-relevant dose in humans. Further studies are needed to confirm our findings.
Introduction
Triclosan (2,4,4 1 -trichloro-2 1 -hydroxy-diphenyl ether, TCS), a broad spectrum antimicrobial agent, is widely used in personal care, household as well as health care products, including toothpastes, antibacterial soaps, shampoos, deodorants, cosmetics, kitchen utensils, toys, bedding and clothes [1] . The use of these products results in a large amount of triclosan entering sewage water and thus the ecosystem. TCS has been detected in surface water, sediment, soil, biosolids and aquatic species [2, 3] .
The daily contact of all types of TCS-containing products and the environment contributes to the wide spread exposure of TCS to human beings'. The derma and digestive tract are two main positions of TCS absorption [4, 5] . TCS has been detected in diverse human bodyfluids and tissues [6] [7] [8] , and 74.6% of samples had TCS detected at concentrations of 2.4-3790 mg¨µL´1 in 2003-2004 National Health and Nutrition Examination Surveys (NHANES) of the U.S. population [8] .
Despite its high occurrence across the ecosystem, the health effect of TCS has not been well studied. Recently, TCS is suspected to be a potential male reproductive toxicant. In vitro studies have shown that TCS binds to androgen receptors (AR) and exhibits an anti-androgenic activity in human breast cancer cells [9] . This chemical reduces the production of testosterone in Leydig cells and disturbs the function of major steroidogenic enzymes [10, 11] . TCS has been shown to decrease weights of the testes and sex accessory organs, followed by decrease in sperm density [12] . TCS has also exhibited a tendency to accumulate in the epididymis [13] . However, human studies on the effect of TCS on male reproductive health are few to date. In this study, a cross-sectional investigation was carried out to evaluate the association between TCS exposure measured by urinary TCS concentration and semen quality in humans.
Materials and Methods

Study Subjects
Male volunteers were recruited at a male reproductive health clinic in a university affiliated teaching hospital during November 2013-March 2014. The study was approved by the Ethics committee of Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China (XHEC-C-2013-001). All participants signed a written informed consent. Through a face-to-face interview, a trained interviewer filled in a standardized questionnaire to obtain information on participants' demographic characteristics, living and working environment, health-related behaviors, sexual and reproductive status, as well as medical history that may affect reproductive health. The participants were asked to provide a single spot urine sample and semen specimen as part of their clinical examination on the day of their clinic visit.
Of the 526 men recruited, we excluded subjects with cryptorchidism, varicocele, male infertility and those who failed to provide urine or semen samples. Four-hundred-seventy-one men were included in the final analysis ( Figure 1 ). 
Measurement of Urinary TCS
About 50 mL urine sample was collected in a sterile polypropylene cup from each subject, aliquoted to polypropylene storage tubes (15 mL, 430791 Corning CentriStar) and stored at -80˝C until TCS analysis.
Total urinary TCS (free and conjugated) concentration was measured in each urine sample using internal standard method as described previously [14] . After the samples were thawed at 4˝C, 10 µL internal standard TCS-D3 (2 µg¨mL´1, Dr. Ehrenstorfer GmbH, Augsburg, Germany) was added into a 4 mL urine sample. Then, samples were incubated in 1 mol¨L´1 ammonium acetate buffer solution (pH = 5.0) with 20,000 IU¨mL´1 β-glucuronidase (TypeH-1 from Helix pomatia, Sigma-Aldrich, St. Louis, MO, USA) at 37˝C overnight to hydrolyze the conjugated TCS. Secondly, regeneration of solid phase extraction (SPE) (500 mg (3 mL)´1, Supelco, Bellefonte, PA, USA) with 3 mL 100% methanol and equilibration of SPE with 3 mL H 2 O were performed. Thirdly, TCS was retained and concentrated by a SPE, eluted by 9 mL acetonitrile, concentratedby speed vacuum concentrator and redissolved in 200 uL 90% methanol. After that, separation and determination of TCS were performed using high performance liquid chromatography-electrospray ionization tandem mass spectrometry (HPLC-MS/MS) (Agilent 1290-6490, Agilent Technologies, Little Falls, DE, USA). Separations were carried out on a ZORBAX RRHD Eclipse plus C18 (100ˆ2.1 mm, 1.8 µm) column (Supelco, Bellefonte, PA, USA). The column was maintained at 40˝C. The mobile phase consisted of (A) 10 mmol/L ammonium acetate in water and (B) methanol. The gradient elution method was as follows: 60% B at 0-5 min (0.3 mL¨min´1), 90% B at 6-9 min (0.3 mL¨min´1), then changed gradually to 50% B and ended at 10 min (0.3 mL¨min´1). The samples were injected with a 5 µL loop. Samples were analyzed in multiple reaction monitoring (MRM) mode. The optimized MS/MS parameters were as follows: electrospray ionization (ESI), ion spray voltage, 3000 V and temperature, 200˝C.
The quality control (QC) materials were prepared with TCS standard (Dr. Ehrenstorfer GmbH, Augsburg, Germany) and a blank urine which was pooled by TCS undetectable samples obtained from several anonymous donors. The limit of detection (LOD) was 0.1 µg¨L´1. Linearity was valid over the range of 0.1-50 ng¨mL´1 (r 2 = 0.998). Low, moderate and high concentration quality control materials were 0.8 ng¨mL´1, 8 ng¨mL´1 and 40 ng¨mL´1, which were analyzed five times in a single day, replicating these determinations on five consecutive days. All the intra-and inter-batch precisions were less than 15%. The recovery was 91.1%. The same three quality controls of low, moderate and high concentration were also analyzed in parallel with the other 23 unknown samples in each analytical batch to assure the accuracy of determination. Analysts were blinded to all information during the test. We also measured creatinine (CR) concentration in each urine sample using enzymatic method on automatic chemical analyzer (7100 Automatic Analyzer, Hitachi, Japan) to correct the fluctuations of TCS levels caused by urine concentration or dilution.
Semen Analysis
Semen was collected in a private room by masturbation into a sterile polypropylene cup, and was analyzed within 60 min after collection. After liquefaction of the semen at 37˝C, semen volume was measured with a serologic pipette. Semen quality parameters including concentration, motility, and speed were analyzed by using a computer-aided semen analyzer (SQA-V, Medical Electronic System, Hatavorzo, Israel) in accordance with the World Health Organization (WHO) guidelines [15] . Total sperm count (10 6 per ejaculate) was calculated by semen sample volume (milliliters) multiplied by the sperm concentration (10 6 mL´1). For speed, only the average path velocity was measured. For morphological evaluation, 10 µL semen was spread onto a glass slide and air-dried at room temperature. The smears were then stained with Giemsa stain and sperm morphology was assessed by the same two professional technicians, according to WHO criteria [15] .
Statistical Analysis
All data were doubly entered into the EpiData database. Urine TCS values less than LOD were imputed as LODˆ2´0 .5 , a commonly accepted practice [16, 17] . The data analysis was performed using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA). The level of statistical significance was set at 0.05.
Factors that may affect the relationship between TCS exposure and semen quality biologically were chosen as potential confounders [18] . Age, smoking status, education and household income have been identified as predictors of TCS exposure [19] . For analyses of semen parameters [20, 21] , body mass index (BMI), drinking status, abstinence period were also included in the multiple linear model. Additionally, exposure history of other environmental chemicals or heavy metals (Table S1) were adjusted to examine the independent effect of TCS on semen quality. Age and BMI were modeled as continuous variables, whereas other variables were included in the model as categorical variables. To improve interpretability, all models were adjusted for the same covariates.
The continuous variables were compared with the independent sample t-test for those that were normally distributed or the Wilcoxon rank-sum test for non-normally distributed variables. The chi-square test was used to examine differences in categorical variables. General linear regression was used to examine the correlation between the urine TCS level and various semen quality parameters adjusted for potential confounders. The variables of skewed distribution were included in the model after natural logarithm transformation. Box plot and smoothing spline were applied to depict the relation of semen parameters and TCS concentration using EmpowerStats software (X&Y solutions, Inc., Boston, MA, USA).
Results
Tables 1 and 2 present the distribution of semen quality parameters and urine TCS concentration. The detectable rate of TCS was 96.7%. Semen quality parameters were comparable to those from fertile men, except that the total sperm count was slightly lower [16] . There was no significant difference between included and excluded participants in demographic characteristics such as age, body mass index (BMI), education, smoking and drinking practices (Table A1 ). Participants included in the final analysis had an average age of 31 years old with a median BMI of 24.0 kg¨m´2. Among them, 27 (5.7%) men had sperm count below the reference (<39 million), 21 (4.5%) had low sperm concentration (<15 million¨mL´1), and 126 (26.8%) had low percentage of forward moving sperms (<32% motile) according to WHO (2010, 5th Edition) reference values. Meanwhile, a total of 241 men had the four semen parameters at or above the reference. Tables A2 and A3 show that demographic characteristics were comparable among subgroups categorized by semen quality and TCS levels. TCS_Cre: creatinine-corrected urinary TCS concentration; GM: Geometric mean; LOD: limit of detection.
Box-plot diagrams show no significant difference in semen parameters among tertiles of urine TCS concentration (Figure 2) . Table 3 presents the associations of semen quality parameters and TCS concentration overall and in each tertile of urinary TCS level. There is an inverse linear association between natural logarithm (Ln) transformed TCS concentration (Ln-TCS) and Ln transformed number of forward moving sperms (adjusted coefficient β =´0.17; 95% confidence interval (CI) (´0.32,´0.02)). Moreover, among men with the lowest tertile of TCS level, reverse associations were found between Ln-TCS and sperm concentration (β =´0.21; 95% CI (´0.41,´0.01)), as well as total sperm count (β =´0.25; 95% CI (´0.48,´0.02)), number of forward moving sperms (β =´0.35; 95% CI (´0.68, 0.03)), percentage of normal morphologic sperms (β =´1.64; 95% CI (´3.05,´0.23)) and number of normal morphologic sperms (β =´0.48; 95% CI (´0.80,´0.16)). No significant association was found in the middle and high tertiles of urinary TCS level. Smoothing splines were applied to plot the relationship of TCS level and sperm concentration (a) and the relationship of TCS level and percentage of normal morphologic sperms (b). They showed similar relationships: sperm concentration or percentage of normal morphologic sperms decreased with increasing TCS concentration at lower TCS level but remained almost unchanged at a higher level (Figure 3) . 
Discussion
We found an inverse association between urine TCS concentration and the number of forward moving sperms. Among the participants with relatively low TCS burden, TCS was negatively associated with sperm concentration, sperm count, number of forward moving sperms, and percentage and number of normally morphologic sperms. This finding suggests that environmental exposure of TCS may have impact on semen quality.
To our best knowledge, this is the first report showing a significant association between environmental exposure of TCS and semen quality in humans. In a case-control study conducted in China, Chen et al. found no relationship between TCS exposure and idiopathic male infertility [22] . Den Hond et al. found no effect of TCS on total motility count decrease either [23] . Two improvements in the current study may have enabled us to find significant associations. First, the semen parameters were used as continuous variables in our statistical model, which had greater statistical power in comparison to binary outcomes [24] . Second, we modified the method of urinary TCS measurement and lowered the LOD to 0.1 µg¨L´1, which raised the detectable rate from 48% in the previous study [22] to 96.7% in our investigation. Additionally, triclosan exposure levels in China seem to be quite low compared to European (GM = 2-3 µg¨L´1 in Belgium [23] ; GM = 6.1 µg¨L´1 in Spain [25] ) and American levels (GM = 13 µg¨L´1 in U.S. [8] ; GM = 12.3 ug¨L´1 in Canada [19] ). This forms the basis of our ability to observe the effect of TCS on a low level. The high tertile in the present study would correspond to low exposure groups in most biomonitoring studies. Working on higher exposure levels may have failed them to show the relationship between TCS exposure and decreased sperm quality.
In the present study, the most significant associations between semen quality parameters and TCS were observed only at the lower TCS levels. These associations diminished as the TCS level rose. This "non-monotonic" dose-response relationship was also observed between TCS and BMI in NHANES from 2003-2008 [26] , where TCS was associated with increasing BMI. However, the association was stronger at low concentrations rather than moderate and the association is insignificant at high concentrations. TCS decreased the synthesis of androgens followed by reduced sperm production in treated male rats, and the responses were almost similar at moderate and high dose levels [12] . The pattern prompted us to suspect that the effect of TCS on semen quality might reach saturation at a certain point, so that semen quality decreases with rising TCS level at low TCS level but remains similar as TCS level continue to rise. More research is needed to elucidate the underlying mechanism. Nonetheless, our findings suggest that the threshold of TCS action on semen may be quite low and most men are sensitive to TCS at that level.
TCS is considered as an endocrine disruptor [27] . At a relative high dose (above 10 mg/kg/day), it decreases both serum gonadotropin hormones and testosterone [12] , and mimics estrogen activities by enhancing estrogen receptor (ER) response at a moderate exposure level (less than 5 mg/kg/day) [28, 29] . The strength of the latter action is dependenton estrogen concentration [28, 29] . For instance, TCS at as low as 4.69 mg¨kg´1 in combination with a single dose of ethinylestrodial (EE) resulted in a significant increase in rat uterine weight while at as high as 300 mg¨kg´1 without cotreatment of estrogen, TCS did not alter the uterine weight [28] . ERs play a role in regulating testicular function and spermatogenesis [30] [31] [32] . If environmental exposure of TCS affects semen quality by enhancing the effect of estrodial through coactivating ER, considering low level of estrodial in men, small changes could cause relatively large percent of fluctuation. It is possible that low environmental exposure could cause mild effects. TCS at environmental concentrations enhances a feminising effect of oestrogen instead of active as antiandrogen in male fish [33] , which supports our hypothesis. Besides, TCS has also exhibited a tendency to accumulate in the epididymis [13] where ERs are significantly expressed [34] .
In addition to co-activator of ER, some other cell-based essays revealed the interaction of TCS and androgen receptor (AR), including antiandrogenicity [9, 10, 24, 35] and androgenicity [36, 37] . The findings are divergent, but this is not surprising. Steroid receptors exhibit some degree of promiscuity toward xenobiotics. High enough concentrations of xenobiotics with weak affinity could interact with the hormone receptor binding pocket and evoke a response [38, 39] . However, AR receptor-mediated agonistic or antagonisticeffects of TCS have yet to be reported in vivo.
Several limitations of our study need to be kept in mind. First, due to the variability of TCS levels in spot urine, a single urine sample may not be representative of the usual environmental exposure level of an individual. However, it has been found that triclosan concentrations in a single urine sample could be used to categorize the six-month average exposure to triclosan in 6-10 year-old children [40] . Although we cannot readily generalize this finding in children to adults, we may speculate that adult habitual lifestyle and body composition are much more stable than children. Thus, the TCS level in the spot urine sample may represent individual's general exposure level. Likewise, we collected only one single semen sample from each volunteer to represent his semen quality. The variability may have undermined the precision of our results. However, studies have shown that within-subject fluctuations of semen quality are smaller than between-subject variability [41] . Thus, the conclusion may still be valid if a study has a sufficient number of people [42] . Second, since this is a cross-sectional study, a causal inference may not be made between TCS and semen quality and reverse causation cannot be excluded. Third, our volunteers were from a reproductive health clinic. They may not be representative of the general population. Finally, we have no data on hormone levels, with which we could explain the effect of TCS on semen quality more comprehensively.
Conclusions
An association between environmental exposure to TCS and poor semen quality parameters was observed in this cross-sectional study, suggesting that TCS may affect human sperm production and normal morphology. However, the association was limited to the lowest tertile. Additional studies are needed to confirm or refute our findings.
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